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Abstract

Soft-inplane hingeless and bearingless rotor helicopters
must be designed to avoid ground and air resonance
instability. Conventional approaches rely on auxiliary
blade lead-lag dampers incurring weight, cost, and
maintenance penaltics. Tailoring aeroelastic couplings
offers a potential, bat not as yet generally accepted
solution for eliminating lead-lag dampers. The major
evolutionary stages of hingeless and bearingless rotor
development are surveyed along with relevant research on
aeroelastic and aeromechanical stability applicable to
stabilizing ground and air resonance. The basic technical
problems of using aercelastic couplings are reviewed
along with some of the practical problems of designing
rotor blades to provide such couplings. Possible
approaches for realizing a practical damperless rotor are
discussed.

Introduction

For many ycars, the rotorcraft technical community hasg
attempted to devise helicopter rotors that would eliminate
the nccessity for auxiliary lead-lag dampers to prevent
ground and air resonance - customary practice since the
development of the conventional arniculated rotor
helicopter. With the advent of the soft-inplanc hingeless
rotor in the 1960s, the requirement for auxiliary damping
was reduced, but with very few exceptions today's typical
helicopter continues to employ elastomeric lead-lag
dampers. Advanced rotor development during the last
decade has focused considerable attention om the
bearingless rotor, but again, configurations currently in
production retain auxiliary lead-lag dampers.

During the last two decades, considerable atiention has
been devoted to better understanding the effects of
acroelastic couplings on ground and air resonance
stability to be able to eliminate the need for auxiliary
lead-lag damping. However, this effort has been largely
unsuccessful. Although significant couplings have been
found that will eliminate ground or air resonance
instability for some ranges of operating conditions or
vehicle configuration variations, these results have not
yet been sufficiently successful 1o eliminate the need for
such dampers.

The purpose of this paper is to review the resulis of
research on acroclastic and acromechanicat stability of
hingeless and bearingless rotors and identify the
difficuliics that must be overcome in applying acroelastic
couplings to achieve a successful damperless rotor. The
paper will concentrate on the fundamental aeroclastic
issues, but will also reclate this knowledge to the
evolution of the principal rotor configurations developed
over the last three decades. It is hoped that critically
examining the currently understood limitations of
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aeroelastic couplings may provide additional stimulus for
researchers and rotor designers o renew their efforts to
advance the state-of-the-art in this area. Ultimately such
investigation will yield a general solution for damperless
bearingless rotors.

The paper will begin with a background discussion of
helicopter rotor development, outline alternative
approaches to eliminating blade dampers, survey relevant
acroclasticity research, present representative analytical
results 1o illustrate the technical issues in applying
aeroclastic couplings to stabilize air and ground
resonance, and finally conclude with a few comments on
the practical problems of implementing such coupfings
in rotor design.

Background
Making Rotors Simpler

Throughout the evolution of the helicopter, continual
attention has been given 1o reducing the inherently
complex mechanisms of the unique apparatus that
provides lift, propulsion and control of the helicopter -
the rotor itself. The now classic fully articulated rotor
system dates back 1o the 1920's and 193(s when blade
flap and lead-lag hinges were introduced to solve
problems of rotor controt and inplane blade Joads. The
presence of lead-lag hinges led to the phenomenon of
mechanical instability or ground resonance researched in
the carly 1940’s by Coleman and others and solved with
the addition of blade lag hinge and landing gear dampers.
A major goal of rotor development ever since has been to
climinate the blade hinges and dampers that encumber the
rotor with weight and drag, add to the cost and
maintenance burden, and reduce vehicle reliability and
safety.  ARthough the development of elastomeric
bearings, elastomeric dampers, and composite materials
have significantly improved the fully articulated rotor, the
impetus continued to further eliminate these parasitic
components.

During the 1960°s, a surge of development resulted in the
first practical hingeless rotors. By exploiting structural
propertics of advanced metallic and composite materials,
the flap and lead-lag hinges were eliminated and necessary
blade motions were accommodated by elastic bending in
the blade root region. While a major step forward, the
preferred soft-inplane hingeless rotor typically required
auxiliary blade lead-lag dampers to control ground
resonance and the airborne analog, air-resonance, that
emerged when the flap hinges were eliminated. The suff-
inplane variant of the hingeless rotor is inhcrently
immune o ground and air resonance, but is tess desirable
for other reasons.

Continued evolution has produced the bearingless rotor,
now finding favor for many helicopter applications,



which doecs away with the conventional pitch bearing of
articutlated and hingeless rotor blades by introducing &
flexbeam element to simultaneously accommodate blade
bending and pitch change motions. Early bearingless
rotors explored diverse configurations; current versions
have converged to similar arrangements for the flexbeam
and pitch-change torque tube and inclade a snubber and
elastomeric lead-lag damper to ensure acromechanical
stability. Progress in advanced rotor design has reached a
stage where parts count, weight, and reliability have been
substantially improved, however, retention of the lead-lag
damper in nearly all current helicopters attests to the
difficulty of achieving the ideal configuration. The
operational cost of lcad-lag dampers is a design penalty
that extends throughout the life of the vehicle, and a
satisfactory solution would significantly improve the
helicopter. That challenge - the damperless rotor - is the
focus of this paper.

Full-Scale Developments

While the discussion above outlines the principal
conceptual framework for the evolution of modern rotors,
the actual steps in that evolution were taken by
developing real aircraft. A few specifics will add
important perspective o the challenge of the damperless
rotor. The most significant carly examples of hingeless
rotor development are represented by the MBB BO-105
(Ref. 1) and Westland WG-13 Lynx (Ref. 2), developed in
Europe in the 196{(’s. These soft-inplanc systems (first
lead-lag frequency less than rotor frequency) employed
different approaches 10 acroclastic design of the biades.
The WG-13 was designed to minimize blade bending-
torsion coupling while the BO-105 was designed to
capitalize on such acroelastic coupling to enhance
inhercnl acromechanical stability. At the time of
development, the acroclastic phenomena were not well
understood and the WG-13 approach ultimately required
addition of auxiliary lead-lag dampers while the BO-105
demonstrated adequate stability without dampers. To this
day the rotor used by both the Eurocopter BO-105 CBS-5
and BK-117 (Refs. 3, 4) is the only truc damperless rotor
in production. Other noteworthy hingeless rotor
developments of the 1960’s included the Lockheed XH-51
and AH-56A Cheyenne stiff-inplane hingeless rotors (first
lead-lag frequency greater than rotor frequency) While the
stiff-inplane rotor is inherently free of acromechanical
instability, and hcnee gualifies as damperless, other
drawbacks are present. A damperless soft-inpiane variaat,
the XH-51 Matched Stiffness rotor, was flown but
exhibited unacceptable air resonance stability due to the
lack of lead-lag dampers (Ref, 5}, It was also noteworthy
as one of the first cxamples of a bearingless rotor.
(Strictly speaking, two-bladed, stiff-inplanc teetering
rotors, inherently free of aeromechanical instability,
represent a special class of damperless rotor.)

The BO-105 approach was successfully adopted for the
US Army UTTAS Bocing Vertol YUH-61A (Refs. 6,7).
Although the sclection of the Sikorsky UH-60 precluded
it from entering production, the YUH-61A provided
another demonstration of a successful, damperless, soft-
inplanc hingeless rotor. A conventional whecled landing
gear was used and no oleo dampers were required,

Nevertheless, the use of aeroelastic couplings was not as
reliable or straight-forward a solution for ground and air
resonance as auxiliary lead-lag dampers and during the
1970’s and 1980°s other manufacturers such as
Acrospatiale (AS-350 Starflex, Ref, 8} and Belf (Ref., 9)
adapted various configurations of soft-inplanc hingeless
rotors with elastomeric lead-lag dampers .

Increasing interest in the more advanced bearingless rotor
concept led to the US Army sponsored Boeing Vertol
Bearingless Main Rotor (BMR) program, and an R&D
prototype was flight tested on a BO-105C airframe (Refs.
10, 11). This innovative damperless rotor was
successfully operated over the full flight envelope but
ground and air rcsonance damping was not quite as high
as desired for some flight conditions. Subsequently, Bell
developed the innovative and pioneering Model 680
bearingless rotor based on an flexbeam and torque tube
concept with a combination snubber and elastomeric lead-
lag damper, that led to a number of prototype variants
(Refs. 12, 13). Rescarch under the US Army Integrated
Technology Rotor (TR} Program (Ref. 14} led to further
progress but was ended before full-scale development of
candidate damperless bearingless rotors. The program did
provide an impetus {or the success{ul Hughes Helicopters
HARP bearingless rotor (Ref. 15) but this configuration
incorporated elastomeric lead-lag dampers similar to the
Model 680 rotor. The Model 680 configuration has been
followed by roughly similar configurations such as the
BO-108 (Ref. 16), MDHS MD Explorer (Ref. 17),
Eurocopter EC-135, and the Sikorsky Bocing RAH-66
Comanche (Ref, 18). A refined version of the Model 680
rotor is used for the Bell 430 helicopter.  All of these
rolor systems employ auxiliary lcad-lag dampers without
significant relignece on acroelastic couplings.

To sum up the current state-of-the-art, modern soft-
inplane hingeless and bearingless rotors have largely
converged to a design philosophy that emmbraces auxiliary
lead-lag dampers to provide freedom from ground and air
resonance. By foregoing the development challenge of
the inherently stable damperless rotor, the designer has
been able to avoid dealing with the limited capabilitics of
acroelastic couplings and the atiendant subtletics that
make more demands on the design synthesis process and
analysis tools, Nevertheless, rescarchers and designers
will continue to address alternatives 10 the dampers
cmbodied in the current rotors,

Alternative Approaches

Before we address the technical details of the damperless
rotor, the alternative approaches should be brielly noted.
There are at least three possible approaches (o the
development of a soft-inplane damperless rotor: 1)
incorporating high damping material into the blade or
{flexbeam structure, 2) automalic feedback control systems
to actively stabilize the rotor-fuselage dynamic system,
and 3) the development of acroclastic couplings 10
provide inherent system stability,

High Damping Materiab The first approach, the use of
high-damping material, is desirable but would require the
devetopment of new material concepts, and design and
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manufacturing techniques to incorporate the material into
the flexbeam structure itself, as in the Triflex rotor hub
(Ref. 19). Thorough testing and qualification would be
required to insure the structural integrity of primary load
carrying structure of the rotor blade. Alternative
approaches could include constrained layer damping
methods already studied by some investigators but now
receiving increased attention. (Refs. 20, 21).

Active Control The second approach of using automatic
control inputs based on vehicle body motions and
possibly rotor state feedback, has been shown to be
feasible by a number of investigators (e.g. Ref. 22) and
offers a number of advantages from the point of view of
operational and design flexibility. Furthermore, future
rotorcraft wiil find available ever more capable electronic
and computerized control systems. However, despite
rapid advancements in these systems, safety of flight
issucs associated with automatic stabilization of highly
unstable modes will be critical and require extensive
scrutiny and quality assurance before such approaches will
become acceptable and capable of certification.

Aeroelastic Couplings This approach might be (ermed
"natural or inherent stability." For the reasons noted
above, the use of aeroelastic couplings is especially
altractive, In fact when it is noted that the drawbacks of
such an approach are essentially nonexistent, then the
merits of this approach are apparent. For the remainder
of this paper, it is 10 be understood that the term
damperless rotor will be used for configurations based on
the use of aeroelastic couplings. The principal drawback
of this approach is simply finding a sufficiently effective
design solution. The difficulties include the fact that
aeroelastic couplings that may be effective for isolated
blade stability may be ineffective in the presence of rotor-
body dynamic coupling. Another important factor is the
number of different flight conditions and vehicle
configurations that must all be stable. Successful
acroclastic designs usually result from carefully tailoring
of the system dynamic characteristics, and configuration
variations may have an adverse effect on these. Important
variations may be vehicle weight, inertia, ground contact
conditions, rotor speed, airspeed, descent rate, and load
factor.

Analvtical and Experimental Research

Before procecding, it will be useful to briefly survey
research on acroclastic couplings and hingeless and
bearingless rotor aeroclastic and acromechanical stability.

Isolated Blade Stability

Early research on basic flap-lag acroclastic stability of
hingeless rotors (Ref, 23) explored the interaction of
acroelastic couplings with the flap and lcad-lag stiffness
characteristics of cantilever rotor blades. Pitch-lag
coupling, alrcady known to be important for articulated
rotors, was found to be very important for hingeless
rotors as well. The source of flap-lag structural coupling
in the hub and cantilever blades of the hingeless rotor was
identified and its influence on hingeless rotor stability
was explored including it's interaction with the effects of

pitch-lag coupling. Further investigations (Refs. 24, 25)
found that certain combinations of aeroclastic couplings
could substantially increase lead-lag damping of the
isolated rotor blade, particularly at low collective pitch
which was anticipated to be a critical operating condition
for ground resonance.  Experimental investigations
confirmed the effectiveness of these aeroclastic couplings,
Ref. 26.

Early research on hingeless rotors revealed the
fundamental nature of the nonlinear bending-torsion
coupling of torsicnally flexible cantilever beams. This
behavior gives rise to a significant part of the aeroelastic
couplings that so strongly influence hingeless and
bearingless rotor acroelastic stability. A detailed
investigation of torsionally flexible hingeless rotor blades
(Refs, 27, 28, 29) identified design parameters such as
blade precone, droop, torque offset, bending and torsion
stiffnesses that influcnced isolated blade stability. In
particular, it was shown how the effective pitch-lag and
pitch-flap couplings of torsionally flexible blades could
be determined so that these couplings could then be
applied to simpler torsionally rigid flap-lag blade models,
the approach used for the analytical results presented
herein. A description of effective acroclastic couplings as
a function of basic blade design paramecters will aiso be
discussed latcr in the paper.

Coupled Rotor-Body Stability

Considerable research has been devoted to coupled rotor-
body air and ground resonance analyses for hingeless
rotors, with some of this effort directed toward the effects
of acroelastic couplings (Ref. 30). When the effecis of
rotor-body dynamic coupling were included, the influence
of acroelastic couplings was found to be significantly
altered (Refs. 31, 32). The resulls of these efforts showed
that pitch-fag coupling was generally cffective in
suppressing air resonance, but the effects of flap-lag
structural coupling could strongly destabilize ground
resonance for many fusclage and landing gear
configurations. For configurations employing lower flap
stiffness it was found that the effectiveness of aeroclastic
couplings was reduced. Experimental investigations were
conducted to confirm the analytical models used 10
explore the general rends and effectiveness of acroelastic
couplings (Ref. 33). More recently, the effectiveness of
pitch-tag coupling for ground resonance has been studied
{Ref. 34), and the effcets of pitch-flap coupling were
found to be helpful in suppressing air resonance {or some
configurations (Ref. 35).  An analysis of biades of
composite materials showed the potential for tatloring the
ply lay-ups to mntroduce acrociastic coupling to enhance
acromechanical stability of a hingeless rotor helicopter in
Ref. 36. This work included the effects of acroelastic
coupling of torsion and axial exiension.

With increasing interest in advanced bearingless rotors,
analytical studics of the effects of acroclastic couplings
have also been conducted for this configuration. In Refs.
37 and 38, scveral different configurations for pitch
contred, snubber, and flexbeam arrangements (torque tube,
torque rod, snubbed and unsnubbed torque tubes, etc.)
were investigated. In addition, such design parameters as
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precone, droop, pre-sweep, torque offset, flexbeam pre-
pitch, and pitch link orientation were explored to
determine their influence on air and ground resonance
stability. The analytical results of this work identified
the difficuliy of generating effective asroelastic couplings
for some flexbeam configurations and finding
combinations of design variables that would stabilize air
and ground resonance for a variety of conditions. Other
configurations with relatively low flap stiffness were
explored in Ref, 39 and an I'TR configuration was studicd
in Ref. 40.

Ground and Air resonance with Aeroclastic Couplings

The purpose here is Lo provide a brief overview of ground
resonance and hover air resonance characteristics and
Hlustrate how they arc influenced by acroelastic
couplings. This will help introduce strategics for
optimizing stability and reveal some of the difficultics
that arc encountered. For a simplified rigid blade model
the acroclastic couplings can be made arbitrarily large,
not having to satisfy practical design constraints of
torsionally elastic hingcless or bearingless blades and
therefore the results to be discussed below may represent,
in some sense, an upper bound on potential benefits o be
achieved.
Physical System and Mathematical Model

A simplificd mathcmatical model based on the physical
system in Fig. la is sufficient for the present purposes.
[t consists of a coupled rotor-body system appiicable to
the hover or in-ground-contact operating condition, The
helicopter is composed of a rotor with hinged, rigid
bMades and a rigid fuselage having pitch and roll rotation
{6,0) about the body center of mass. The blades rotate
against spring restraint about centrally located flap and
lead-lag hinges. Body translations and gravitational
forces are not included because they are not important for
air and ground resonance, Refll 31,

The blade flap and lcad-lag rotations occur about axes
parallel and perpendicular to the planc of rotation, Fig 1b,
The principal elastic axcs of flap and lcad-lag springs, KB
and Kp, respectively, arc not necessarily oriented to
coincide with the flap and lcad-lag motions shown in Fig.
1b and may be inclined at the angle 6 to permit arbitrary
structural (elastic) coupling of the blade flap and lead-lag
motions.  When 6 is zero, the flap and lead-ltag

deflections are structurally uncoupled. In this paper, two
conditions are treated: 1) flap-lag coupling (denoted by
R=1) where the spring inclination 0, is proportional to

the blade pitch angle (with an increment for zero blade
pitch), 8¢ = 6,+ By, and, 2) no flap-lag structural
coupling, 0, = 0 (denoted by R=()). These conditions
correspond 10 the cases R=0 and 1 of the model developed
in Ref. 23.

The blade acrodynamic forces are derived with quasi-steady
theory and no dynamic wake effects are included. The
nonlinear equations of motion for this system are
linearized for small-perturbation motions and represent

the blade motions by rotor flap and lead-lag cyclic
multiblade coordinate degrees of freedom. Constant
coefficient differential equations, where the cocfficients
are functions of the equilibrium flap and lead-fag blade
deflections B, and L, are solved 10 yield the eigenvalues

and eigenvectors of the system which in tum yicld modal
frequency and damping of the systemn. Additional details
are presented in Refs, 31 and 32,

Discussion of Results

Frequency and damping results as a function of rotor
speed for variations of rotorcraft parameters wiil be
presented to illustrate basic acromechanical stability
characteristics and the influence of various design
parameters and aeroelastic couplings. The baseline
rotorcraft system properties chosen here represent typical
design values. The dimensionless (by rotor radius) body
inertia radii of gyration, ky 2, ky 22 0.1, 0.025 for pitch
and roll respectively. The ratio of rotor mass to total
system mass, L = 0.1; the dimensioniess rotor mast
height h/R = 0.2. "For ground resonance resulis, the
effective landing gear stiffnesses are represented by pitch
and roil springs defined by dimensionless body
frequencies, wg, Wy = 0.2, 0.4 respectively. A typical
soft-inplane lcad-lag frequency of Or = 0.7 at normal
rotor speed, the flap frequency p = 1.1, the Lock number
¥ =3, the blade drag cocfficient ¢y, = 0.01, and the rotor
sohidity ¢ = 0.05. The lead-lag structurai damping ng =
0.003, and the baselinc aeroclastic coupling paramclers
R, 9, eg , and 9[3 are zero, except when introduced to

ilusirate their influence on atr and ground resonance.

The frequency and damping results (real and imaginary
parts of the eipenvalue) arc presented in ¢imensionless
form, o /Q, and w /Q, {or a range of dimensionless

rotor speed, $2/Q, where the normal operaling rotor
speed Q/€, = 1.3

Air Resonance

Rasic Characteristics  The basic coupled rotor-body

frequencies and the important frequency coalescences are
shown for the baseline configuration in Fig. 2, in vacuo
and in air for the 8= 0. A representative of rotor speed

operating range of +/- 10 4 Q/Q is included. At higher

rotor speeds, the body pitch and roll frequencies are
determined by coupling between the rotor flap regressing
mode and the rigid body pitch and roll motions. The
coupled freguencies are maialy determined by the blade
{lap spring stiffness and body incrtias (Ref. 8).

The hover air resonance stability of the baseline
configuration is ilustrated in Fig. 3 by the regressing
lead-lag mode damping versus rotor speed for the bascline
vehicle. The cotlective pitch is varied with rotor speed to
maintain a constant thrust. Several different values of
nominal cotlective pitch (note that 8 =6, at Q/Q =
1.0} are shown to represent different loading conditions
inctuding the zero pitch angle (0 = 0) for reference. The
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vehicle exhibits typical instability at rotor speeds where
the lead-lag regressing mode coalesces with the coupled
rotor-body roll and pitch modes. The unstable rotor speed
range extends well beyond frequency coalescence region
(and the range of in vacuo instability) due to the
aerodynamic damping of coupled rotor-body modes.
Typically, the air resonance instability intensifies with
increasing collective pitch, as the aerodyramic and
inertial coupling of rotor blade flap and lead-lag modes
increase (from blade steady coning and lead-lag
deflections). The effects of additional inherent lead-lag
structural damping are also shown in Fig. 3; the bascline
ng =0.005 case (0.5% critical) is sufficient for stability at
zero collective pitch but nearly 2% is required for higher
collective pitch,

Other basic but noteworthy features of air resonance are
illustrated by examining parametric variations of several
basic design variables. The fundamental effects of blade
lead-lag frequency shown in Fig. 4 are well known (Ref.
31). The most unstable case is with Wro = 0.5, and as

the nominal lead-lag frequency increascs, both the air
resonance onset rotor speed increases substantially, and
the intensity of the instability decreases,

The effects of blade flap bending stiffness, characterized
by the blade first flap frequency, p, ar¢ interesting, This
design variable influences many important helicopter
characteristics, from handling qualities 1o
mancuverability, gust response, and blade loads. Lower
values (p = 1.05 - 1.08) are desirable but are structurally
challenging for the designer. Blade flapping stiffness has
a first order influence on the coupled rotor-body mode
frequencies, and thus controls the roior speed for
coalescence with the lead-lag regressing mode. This is
evident in Fig. 5 where the air resonance onset rotor
speed increases directly with flap stiffness (p = 1.02 -
1.4). Since the beneficial effects of rotor acrodynamic
damping increase as blade flap stiffness increases, the
intensity of air resonance decreases with p, but only until
the point where the underlying mechanical instability
begins 1o dominate. The preseat bascline configuration,
p = L.1, is roughly optimum,

Although not shown here, the effects of body inertia and
rotor height are important configuration parameters that
strongly influence air resonance stability, Decreasing rolt
inertia intensifies air resenance, but since it increases the
coupled rotor-body roll frequency, it raises the rotor speed
for frequency coalescence and therefore increases the rotor
speed for air resonance onsct. Increasing the rotor height
amplifics the destabilizing influence of the regressing
lead-lag mode with respect to the body piich and roll
maotions and significantly inlcnsifics air resonance.

Aergelastic_Couplings As noted above previous
rescarch has explored the effectivencss of aeroelastic
couplings for stabilizing air resonance of hingeless rotors
as noted above. The resulis to be presented here will
focus specifically on the objective of the damperless
rotor,
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The effects of the two principal aeroelastic couplings on
the baseline configuration will be examined in the next
three figures. Pitch-lag coupling and flap-lag structural
coupling effects are observed separately in Figs. 6 and 7
respectively. Pich-lag coupling provides significant
stabilization for the coupled rotor-body roll mode but
produces a small destabilizing effect for the pitch mode.
Overall, pitch-lag coupling is generally stabilizing.
Flap-lag structural coupling is introduced by inclining the
flap-lag principal elastic axes, first equal to the blade
pitch angle, and then with an additional increment, (93=

930+90, note here that Go varics with rotor speed as

thrust is held constant)., Figure 7 shows the typical
result that flap-lag structural coupling alone i
destabilizing {refer to Ref. 31}, When both couplings are
included together, a strong stabilizing cffect is produced,
as shown in Fig 8. In this case, increasing collective
pitch increases stability, reversing the trend without
aeroelastic couplings, Fig. 3. These air resonance results
are typical of a wide variety of configurations, and are the
principal basis for optimism regarding damperless rotor
feasibility,

Ground Resonance

While the previous cxamination of air resonance
characteristics and the influence of acroelastic couplings
was relatively straightforward, the situation for ground
resonance is more complex. The landing gear stiffness
characteristics are a major determinant in the fundamental
body pitch and roll frequencics. Many factors must be
considered in the design of landing gear, and these factors
may conflict with damperless rotor design objectives.
The body frequencies are also dependent on the ground
surface conditions and may vary with the rotor thrust,
including possible nonlincar effects. Typically, body
frequencies in ground contact are higher than in air, which
tends to intensify acromechanical instability, Finally,
the fanding gear design and ground contact conditions can
influence the relative amount of translation and rotation
of the body pitch and roll modes, thus influencing the
degree to which rotor acrodynamic damping is available
io stabilize ground resonance,

As for the discussion of air resonance, the basic
characteristics of ground resenance will be bricfly
examined, before investigating the potential effectiveness
of acroelastic couplings. Note that for ground resonance
results the collective pitch will be held constant with
rotor speed.

Basic Characteristics  Rotor and body ground resonance
frequencies are shown in Fig. 9 for the bascline
configuration having relatively soft landing gear and low
uncoupled body pitch and roll frequencies, wy, Wy = 0.2,
0.4 respectively. These low body frequencies will help to
clarify the issues involved in stabilizing ground
resonance. Results in vacuo and in air (y = 0, 5) show
the cffects of acrodynamic damping on the principal
coalescences of the regressing lead-lag mode with the
body pitch and roll modes; generally the in vacuo
coalescences are a better indication of the critical rotor
speeds for aeromechanical instability, Since the bascline



body stiffnesses are relatively soft, the body pitch mode
coalescence occurs within the nominal +/- 10% operating
rotor speed range while the body roll mode coalescence
occurs at a somewhat higher rotor speed. For a more
conventional stiffer landing gear, both coalescences would
occur above the normal rotor speed range.

Before investigating the effectiveness of aeroelastic
couplings, a few basic results will illustrate the
traditional approach of using blade and landing gear
dampers to stabilize ground resonance. With the vehicle
in a vacuum to remove the effect of aerodynamic
damping, and with nominal landing gear damping Mg =

Mg = 0.05), several variations of blade lead-lag damping

are examined as shown in Fig. 10. A case without
damping is included to illustrate the classical ground
resonance pitch and roll instabilities; the roll mode
instability is much more intense than the pitch mode due
to the higher frequency and lower body inertia. About
2% blade damping is sufficient to stabilize the rotor-body
pitch mode, but 10% or more is required to stabilize the
coupled rotor-body roll mode.

The basic effects of rotor aerodynamics are next shown in
Fig. 11 (landing gecar damping is not included).
Aerodynamic forces provide effective rotor-body damping
somewhat analogous to landing gear dampers and also
introduce the important influence of flap-lag
acroelasticity, At zero collective pitch, aerodynamics
provides rotor damping that stabilizes both the pitch and
roll modes of ground resonance, but increasing collective
pitch is strongly destabilizing. Although the majority of
vehicle operation in ground contact occurs with zero or
low collective piich, the vchicle must nevertheless be
stable for any collective pitch occurring in ground contact
and during the lift-off transition to airborne flight.
Figurc 11 also shows that the inherent lead-lag structural
damping of the baseline rotor (n ¢ =0.005, (.5% critical)

is sufficient 1o stabilize the pitch mode at zero and higher
collective pitch with rotor acrodynamic damping present.
The roll mode remains very unstable for aH pitch angles.

Acroclastic Couplings  Earlier investigations on the
effectivencss of acroelastic couplings for stabilizing
ground resonance have shiown that this is generally more
difficult to accomplish than for the case of air resonance
(Refs. 25, 31). The baseline case is examined for
collective pitch of 8, = O and 0.15 rad with pitch-lag and
flap-lag structural coupling introduced separately and in
combination. For GO = { in Fig. 12, the pitch mode is

stable without couplings; adding pitch-lag coupling alone
is mildly destabilizing while flap-tag coupling alone is
sufficicntly destabilizing to produce instability. The
combined couplings are the least destabilizing and do not
produce a pitch mode instability. For the strong roll
mode instability, all couplings arc destabilizing but most
importantly they reduce the onset rotor speed for
instability. These results clearly differ from the case of
air resonance and will be examined in more detail below,
It could be suggested that aeroclastic couplings are
unnecessary at zero collective piich where ground
resonance does not occur in the nominal rotor speed range

for the baseline case. In fact this could be accommodarted
by tailoring the design of real torsionally flexible blades,
since aeroclastic couplings are partly generated by blade
equilibrium displacements that accompany collective
pitch, as will be discussed below

The ground resonance case at non-zero collective pitch,
representing a pre-lift-off conditicn, is shown in Fig. 13,
The effects of acroelastic couplings are more beneficial
than for zero collective pitch and the marginally-stable
pitch mode of the baseline vehicle is significantly
improved. Again, however, the roll mode rotor speed
margin is reduced by all combinations of couplings.

In these simplified examples, the ground and air
resonance results would be identical except for the landing
gear springs and collective pitch variations with rotor
speed. Naturally, the body springs produce very
significant effects that do in fact make ground resonance
far dilferent from air resonance. Nevertheless, it is of
interest  trace the evolution of air resenance to ground
resonance by simply increasing the body spring
stiffnesses continuously from zero to the landing gear
values. Such an example is shown in Fig. 14 where the
ratio of uncoupled body pitch and rolf frequencics is held
constant ((z)¢, = 2wg) and the nominal in-flight collective
pitch (0,=0.15} is held constant. As the increasing body

spring stiffnesses cause the coalescence rotor speeds to
increase, the instability onset rotor speed {for the roll
mode) also increases. Neote that as the pitch mode
instability emerges, the instability onset rotor speed
jumps to a lower value before continuing Lo increase.
The basic characteristic that ground resonance intensity
increases with body frequencies is investigated in detail in
Ref. 31,

The practical importance of the results of Fig. 14 is that
while ground resonance intensifies with body frequency,
the coatescence rotor speed can increase above the normal
operating rotor speed range. In fact, for the highest body
frequencies of wg, Wy = 0.4, 0.8, a reasonably realistic
design configuration, the intense roli mode instabiiity
becomes inconscquential for this reason and the
remaining pitch mode moves just beyond the nominal
rotor speed range.  Of course, many operational factors
can lower the body frequencies, and this (s an important
practical factor in the possible feasibility of the
damperless rowor.

Returning to the relationship of air and ground resonance,
we now examine the relative cffectiveness of acroelastic
couplings as the uncoupled body frequencies are increased.
Three of the configurations from Fig, 14 are individuatly
presented for the Ooz (.15 condition, both with and

without combined acroclastic couplings in Figs. 15, 16,
and 17. Including results from the air resonance case
(Fig. 8) and the bascline ground resonance case (Fig. 13},
these resuits clearly lustrate the progressive decrease in
effcctiveness of acroelastic couplings for eliminating
ground resonance instability as body frequencics increase.
These trends are well summarized in the stability
boundary plot of Fig, 18 that shows regions of pitch and
roll mode ground resonance mapped as a function of rotor
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speed and body frequency, clearly indicating that
aeroelastic couplings are most beneficial for zero ("air
resonance™) and low body frequencies. Again, from a
practical point of view, Fig. 17 shows that the effects of
these couplings are relatively incidental to ground
resonance when the body frequencies are moderately high.

One more example of the variability in effectiveness of
couplings is given in Figs. 19 and 20, Herc a
significantly different configuration is chosen with low
body frequencies and where the pitch mode frequency is
higher than the roll mode (wg, Wy = 0.2, 0.1). This
reversal in frequencies substantially alters the
cffectiveness of the aeroelastic couplings and they are not
at all capable of suppressing ground resonance in this
case. Although the roll mode is well stabilized for this
case, the pitch mode is strongly destabilized by all
combinations of couplings.

Other Considerations

The analytical results presented above only address the
broadest issucs of the present topic, Many other
considerations deserve attention but are beyond the scope
of this paper. However, a few will be mentioned.
Although the basic characteristics are evident in hover,
changes occur in forward flight, sometimes becoming
less stable in descent conditions as the blade angle of
attack is reduced (Ref. 11). Such chamcteristics require a
more complete analytical approach and the nced to
examine a wider range of operating conditions. The
present results did not address the effects of pitch-flap
aeroelastic coupling, primarily because it usually has a
smaller influence on air and ground resonance than the
other couplings. Nevertheless in some case, the effects
may be important and must be included. As noted above
landing gear characteristics can vary widely and a more
detailed wreatment is required. Specifically accounting for
the variety of possible ground contact and stiffness
conditions must be addressed to insure stability in atl
cascs. A good discussion of these problems, including
combined body transtation and rotation, is included in
Ref. 30.

Practical Design Considerations

Design Stralegy

Before analysis of acroetastic couplings for stabilizing air
and ground resonance of a candidate design is undertaken,
the basic vehicle dynamic characteristics must be defined.
Although other design constraints will necessarily fimit
the freedom available o tailor dynamic propertics, the
overall mass and stiffness characteristics of the vehicle
will determing the primary rotor and body pitch and roll
frequencies and the coalescent rotor speeds. Naturally, to
the extent possible, it makes sense o optimize these
characteristics to minimize or remove as much of the
potential air and ground resonance problem as possible.
in this way, the prospects for mecting stability
requirements with aeroelastic couplings will be
maximized. In some cases other design requirements will
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take precedence and the aeroelastic problem may be made
more difficult.
Implementing Acroelastic lin

So far, the technical resulis discussed above have
represented aeroelastic characteristics of the blade in a
relatively abstract fashion serving to illustrate how the
principal aeroelastic couplings influence air and ground
resonance stability. However, the practical design
challenges of obtaining these coupling characteristics in
actual blade configurations have not been addressed.
While a detailed treatment of this problem is beyond the
scope of the present paper, a brief discussion will serve to
introduce the principal approaches that are available.

Fundamentally there are two basic approaches to generaie
effective pitch-lag and flap-lag couplings: 1} favorable
arrangement of the geometry or kinematics of the blade
and control system components and 2) tailoring the
inherent bending-torsion structural coupling of
torsionally flexible cantilever blades. The second
approach cncompasses the broad subclass of coupling
characteristics available for blades fabricated from non-
metatlic composite materials.

A simple way of illustrating the physical origin of a
variety of kinematic, geometric, and elastic design
parameters that contribute to effective aeroelastic
couplings is to introduce a simplified blade and pitch
control system having the major features of cantiléver
hingeless rotor blades, Fig. 21. Simple expressions can
then be derived to represent the equivalent couplings
manifest in more complete blade structural models. Basic
pitch-tag and pitch-flap coupling of torsionally flexible
cantilever blades can be directly derived from the
nonlinear clastic beam equations. For the simplest basic
blade, the important parameters are the flap and lead-lag
bending stiffnesses, Kp, KC , torsion rigidity, K¢, and

the equilibrium flap and lead-lag bending deflections, B,
CO , accompanying rotor thrust. Following Refs. 29 and

41 for example, effective pitch-lag and pitch-flap
couplings arc,

9{: ~ BO (Kg - Kﬁ)/KCEY and 9{3 ~ CO (KC - KB)/K¢

These couplings are proportional to the difference in blade
bending stiffnesses {vanishing for "matched stiffness”
blades) and inversely proportional te blade torsional
rigidity. These couplings also vary with rotor thrust; as
the blade equilibrium bending occurs for increasing
collective pitch, the couplings increase from low to high
levels. Such models can be extended (Ref. 29) 1o
represent the effects of blade precone, ch, droop, Bd, and

the ratio, f, of pitch control system stiflness, be' and
blade torsion rigidity K¢. The cffective pitch-lag
coupling becomes,

6p ~ (v (K¢ - Kp) (B - 0 / 802 + (Ky - Kp) Bpe/p” -
Bd ( (KC - KB}/[}z . KC 1+ f)]/K@



where f = K¢' /Kq), K@ = K¢ K@/(Kq) + Kq))a and
¢; is the inflow angle.

These simple formulas illustrate the interplay of
geometric, elastic, and rotor thrust condition on effective
aeroelastic couplings, and the resultant opportunitics
available to the designer if such factors are fully taken
into consideration in design of the rotor blades.

Other more dircct kinematic approaches for generating
pitch-lag coupling include inclining the blade pitch link
connecting the pitch horn to the swashplate away from a
vertical orientation. For bearingless rotors, vertically
offsetting the inboard torque tube snubber shear pin will
produce pitch-lag coupling independent of blade flap
deflection.

Flap-lag structural coupling is generated when the flap
and lead-lag principal elastic axes are inclined to the rotor
plane of rotation. Blade twist generates a small amount
of this coupling and pre-pitch of a bearingless rotor
flexbeam also produces flap-lag structural coupling. This
coupling is discussed in more detail in Refs, 14, 23, 27,
and 42.

Onc point of this discussion is to note that effective
aeroelastic couplings can be tailored in a varicty of ways.
Since air and ground resonance stability varies widely
depending on operating conditions, the ability to tailor
ctfective couplings for these different conditions must be
exploited. For example, if couplings are destabilizing for
ground resonance stability at zero collective piich, but are
stabilizing at higher pitch, it would bhe appropriate to
tailor the couplings to be proportionate to collective
pitch. In the case of the bearingless rotor, it may be
noted that generating effective acroclastic couplings may
be more difficult than the hingeless rotor due 10 the
constraining influcnce of the torque tube and inboard
snubber, particularly when the flap bending stiffness is
low. These issucs arc considered in Refs, 37, 39, and 40,

Composite Material Considerations

It is well known that noa-metallic composite materiats
offer excellent benefits for rotor blade design, particularly
for improving fatigue characteristics of rotor blades
subject to continuous rotor vibratory loads. Of particular
importance to the damperless rotor is the ability 1o tailor
the stiffness and coupling characteristics of such blades
via the detailed struciural ply lay-up geometry. Much
research has been carried out on development of
sophisticated analytical tools to model these complex
malerials and other work has been done 1w apply these
models 10 study the benefits of these couplings on
acromechanical stability of hingeless rotor helicopters
(Ref. 36).

Landing Gear Considerations

The important influence of landing gear characteristics
must also be considered. For ground resonance stability,
the body frequencies are the most important first

consideration. Although stiffening the fanding gear raises
the body frequencies and increases the intensity of ground
resonance, a point will be reached where the coalescent
frequencies fall outside the normal rotor speed operating
range. Similarly, softening the landing gear will lower
the body frequencies and attenuate or stabilize ground
resonance. A combination of aeroelastic couplings and
favorable frequency placement will be required to achieve
a balanced design for a damperless rotor.

Also important, though not discussed in detail in this
paper, are the relative vertical and horizontal stiffnesses,
and the height and geometry of the landing gear that
govern the mode shape of the body motions as well as
the frequencies. Furthermore the choice of wheeled or
skid gear will have different consequences. Whatever the
design point chosen for the fanding gear, all possible off-
design conditions and ground contact conditions must be
free from instability. Some of these include partial skid
gear contact on uneven ierrain, ice conditions, low
pressure or flat tires for wheeled landing gear, and partial
lift-off thrust conditions to mention a few.

Finally, ground resonance dynamics must be balanced
against other important vehicle design considerations
relating to mission performance, cost, and safety that
impact fanding gear design. These include strength,
crash-worthiness, static stiffness, weight, and
acrodynamic drag. All of these are all factors must be
lakent into account in the total vehicle design, An
acroelastic solution for damperless rotor that adversely
affects other important design characteristics will not be
acceptable.

Methodology for Design Optimization

The results presented herein ilustrate the variations in air
and ground resonance characleristics encountered for a
range of configuration and operating conditions variables.
Some of the key design variables influencing sysiem
stability have been identified. It is clear that these
variablcs may in some instances alternately benefit or
detract from system stability, depending on the particulars
of the vehicles and operating conditions. Clearly finding
a practical design solution based on acroelastic coupling
requires balancing these conflicting influences to produce
a system stable for a range of operating conditions. This
constitutes an optimization problem for the designer - for
a given vchicle what are the retor acroclastic
characteristics that cnsw s acromechanical stability over a
specificd range of operating conditions?

Certainly, this would be a tractable analytical problem for
the type of simplified acromechanical stability analysis
employed hercin, [t is suggested that using such a
simplificd model would be a logical first step in
identifying preliminary optimized configurations. More
claborate analyses, incorporating the details of blade
flexibility, flexbeam, torque tube, and pitch control
system kinematics as well as composite material
characteristics would then be appropriate to confirm the
preliminary results and identify further detailed design
solutions. Allernative strategies regarding the particulars
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of such methodologies should be carefully weighed to
increase the likelihood of a successful outcome.

Concluding Remarks

1. Experience shown the damperless rotor is truly a
challenge.

2. Aeroclastic couplings are generally effective in
stabilizing hingeless and bearingless rotor air resonance.
The principal couplings of interest are negative pitch-lag
coupling and flap-lag structural coupling. A
combination of these is most beneficial for increasing air
resonance stability,

3. Ground resonance instabilities are usually more intense
than air resonance and are alse dependent on all of the
factors that influence landing gear characteristics.
Aeroclastic couplings are not as effective at suppressing
these instabilities.

4. There are a varicty of approaches for generating
effective aeroelastic couplings including rotor bub and
blade attachment geometry, pitch control system
kincmatics, and tailoring of blade bending and torsion
coupling characteristics, particularly by using the
capabilities of composite materials.

5. Modest refinement of current materials o increase
inherent structural damping would significantly heip
overcome the limitations of aeroclastic couplings. Such
a hybrid approach may provide the most practical
approach of all.

6. By careful synthesis, tailoring acroelastic couplings,
optimizing landing gear design for nominal and off-design
conditions, and maximizing inherent blade structural
damping, damperless rotors may well prove feasible for a
wide range of helicopter applications.

7. Further research, particularly applying formal
optimization technigues to suitable analytical models,
should help to meet the challenge of the damperless rotor,
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Fig. 1. Analytical model physical system, a) rotor

and body with body springs for ground

rosonance,

b} blade collective pitch, flap and lead-lag

motions, and spring restrained hinges.
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Fig 21. Simplified blade representation showing
configuration geomety parameters.





